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INTENSE: ELECTRON-EEAM PROPAGATION
IN LOW-DENSITY GASES USING PIERMEX

By

David C. Moir, Barry S. Newberger, and Lester E. Thode

ABSTRACT

Preliminary propagation experiments have been
performed using the LASL-PHERMEX 21-MeV electron bean
with cLrreat densities of 40 kA/cm?. Gas densities
are varied from 10-m torr to 580 torr. Results
indicatc the pres=nce of microinstabilities.

I. INTRODUCTION

Significant interest persists, both hcce1 and nb:oad,z in the tech-~
nology Jevelopment of intense charged particle beams uid propagation of
such beams through plasma formed ir nceutral gas by the bean itselt. Due
to the substantial source of frce energy represented by the drift energy
of the beam, propagation could he plagued by a verietly cof well-known
macroinstabllities and microinstabilities, e.p. hOSn,3 kink,a two-
stream5“7, and iilamentution.s-lo

Because of the complex, time-dependent intuepliay between plagma
generation and collective instabilities, it is esxential that vime-
resolved propagation cxpdriments in the 20-60 McV be conducted to provide
a baseline for theory, in order that reliable scaling laws can bhe estab-
lished. In this regard, necar-tesm technology devclopment of the existing

PHERMEX stunding-wave lnac!! would provide o device for answering a



number of fundamental issues concerning endoatmospheric, ultra-rclativ-
istic electron beam propagation. PHERMEX has an intrinsic high repeti-
tion rate and multiple-pulse capability, and thus a number of propaga-

tion scenerios could be investigated.

II. PHERMEX AS AN INTENSE ELECTRON BEAM SOURCE

PHERMEX is an acroaym for Pulsed High Energy Radiographic Machine
Emitting X-rays. The facility consists of a 50 Miz starding-wave linear
electron b=am accelerator housed in a blast-prnof building. The pulsed
206-30 MeV electron beam is focused on a tungsteun target to produce a
bremsstrahlung radiation spectrum, which is used for flash radiography
of exploding systems.11

The original facility was built between 1957 and 1963, and until
recently has been used almost exclusively for flash radiography in
weapon and weapon-related programs. Use of tne PIERMEX facility for
electron beam experiments has only recently been considered. The follow-
ing factorxs have been important in this decision: |

A. Slight reduction in the hydraodynamic shot schedule,

B. Increased reliability of the lincar accelerator,

C. Upgrade of detection chamber fast electronics, and

D. ‘'Intercst in extending the basic physics of intense electron

heams.

The DPHERMEX accelerator parameters are summarized in Table I.  The
first column refers to the preseat parameters and the second to the
parameters after an upgrade program which is in progress and scheduled
for completion in late FY 1981. A schematic drawing of Lhe accelervator

with the important elements 1s shown in Mig. 1.



TABLE 1

INJECTOL (HOT CATIODE)

Voltage (MV)

Curreat (A)

Pulse Width (ns)
Risctime (ns)

RF Synchronized
Emmittance (mm-mrad)

Spotsize (mm)

RF CAVITIES
Frequeacy (MNHz)
Length (i)
Diameter (m)
Field Streagth (MV/m)

o

p
Y
Stored Encrgy (J)
a
p

Y
Funergy Depletlon (a-cavity)
One Micropulse

Ten Micropulses

200, 100, 40
50, 40, 15
No

<500 n

25

50
2.6
4.6

3.6
5.5
3.4

610
1430

(5, ]
(%]
(=]

30%

Post-Upgrade
1.00-1.,25

650G

150, 80, 40
13, 13, 13

Yes

30
2.6
4.6

12.¢
10.0
8.0

6800
4700
3000

3%
20%



Electrons are generated on a hot-cathode injector. The cathode is
pulsed by a high-voltage pulsc and electrons are accclerated and focused
into a-cavity. The preseunt injector system consists of a 10-cm diamster
sintered tungsten~barium oxide impregnated cathode whiclh operates at
1100° €. ‘The surfacec emits 6-8 A/cmz. At preseat, the cathode is pulsed
by a 600 kV Femcor pulser which determines the macroscopic time structure
of the beam. Various pulse widths in Table I are attained by physically
changing pulser units. The Femcor pulsers are not synchronized to the
50 MHz rf of the accelerating cavities berause the time jitter of the
output pulse (%30 ns) is signilicantly larger than the time between two
successive accelerating cycles. In addition, the risetime €or hoth the
200 ns and 100 ns prises is larger than the accelerating period.

The Femcor pulser will be replaced by a three pulse 1 MV system
constructed by Physics International (PI). The projected increasce in
current. is duce to the increased voltage of the pulser. However, it is
limited by the maximum emission capability of the hot cathode. The PI
pulser is capable of gencrating one, two, or three pulses (cach approx-
imately 40 ns in duration) completely merged or separated by delays of
up to 39 ps. Pl has tested delays betncea pulses up to 100 ps and
larger delays may be possible but are as yet untested. The output pulse
has low jitter (X8 ns) and a fast risctime and it will be synchronized
with the 50 Milz rt.

The microscopic time sgtructure of the beam is produced by the
accelerating cycles of the 50 Milz rf which occur every 20 ns. The first
cavity (a) acts as a chopper and accelerator with substantial stored
enerpy depletion in that cavity. The micropnlses geacrated by rf accel-

eration are approximately gaussian with a 3.3 ns FWIM. The nunber and
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amplitude of the micropulses in a macropulse is clearly dependent on the
injected pulse shape and timing rclative to the rf. Figure 2 is a time
resolved measurement of the eleccron beam curvent for a 200 ue pulse on
the injector from the Femcor pulser. Nole that a sub-burst with ma:imum
current does not occur until the third pulse. This phenomena is a
function of pulse risctime and jitter relative to the rf. At prescent,
the initial conditions for a full amplitude puluc 2re unknown and deter-
mined by the initial low intensity pulses. Instellation of the PI 1~-MV
pulser, which will be synchronized with the rf, will yield an initial
sub-burst. of full amplitude. This upgrade is significant for electron
beam experiments.

PIERMEX has three rf cavities shown schematically in Fig. 1. These
are designated a, f, and y. The beam is injected into a. The ficld
strength in the cavities is generated by rf amplificrs. As part of the
upgrade, the existing amplificrs arce being replaced with amplifiers of
higher power. As 2 conscquence, the field strerglhs and stored cnergy
in the cavities will be greatly increased.

Electron beam energy is determined by the strength of the cavity
fields. The bean cnergy and other output beam pavametcers are swmmarvized
in Table II. Beam encrgy dispersion and cmittance have been determined
by calculation using beam spot size measurements at tvo locations in the
drift space, a ficld map of the final focusing lens, and the beam spot
size at the focus.

As noted carlicr, the time structure of the output bnAm is
determined macroscopically by the injection pulse and microscopically by

the 50 MHz rf. ‘These parameters arve also summavized in Table I7.



Figure 3 is a glass plate measurement of the PHERMEX electron
beam distribution at the focus. The white spot is due to a threshold
cffect in the radiation damage of the glass plate. The diameter of the
vhite spot is assumed to be the beam spot size. Lowever, radiographic
techniques vsed to determine beam spat size indicate a slightly smaller
value.

The beam current meascrcemeat, shown in Fig. 2, and spot size,
indicated in Fig. 3, can be combined to determine the peak current
density and electron density in individual micropulses. These values
arec also summarized in Table IT. It should be noted again that these
values are for a single micropulse of maximum amplitude.

As also nnted earlicr, the support electronics associated with
PHERMEX have been upgradod. This upgrade substantially enhances our
capability to perform time-resolved electron beam experiments. Tabl. III
is a summary of the presently available electronics. This particular
phase of the upgrade program is essentially complete.

It is usefal to comparce PHERMEX wilh other machines in tcrms of
relativistic factor y, current, current density, pulse duration and
total beam ecnergy. This comparisoa is given in Tahble - At present,
FHERMEX is the only high y machine in operation. The ~urrent density is
sufficiently high that hecam-plaswa effects are important. However, the
peak current and total energy arc somewhat low in comparisor with what
is convidered optimum for beam propagation. On the other hand, with 3 kA
of beam current, combined with the existing mulliple pulse capability,

PHERMEX would represent a powertul and versatile device for investigating

ultrarclativistic, endostmospheric beam propagation.



TADLE 11

. Today _ _ Post-Upgrade
MEAN ENERGY (MeV) 21 40
ACCESSIBLE ENERGY RANGE (MeV) 20-30 20-60
ENZRGY DISPERSION 4% 4%
EMITTANCE (mm-mrad) 7 n 1 n
TIME STRUCTURE
Macropulse Width (ns) 200, 100, or 40 150, 90, or 40
Risetime (ns) 51, 37, 15 13, 13, 13
Number of Micropulses 10, 5, 7 "1, 4, 2
Micropulse Width (ns) 3.3 (FwiM) 3.3 (FwHM)
INTENSITY
Average over Macropulse (A) 50 (200 ns) 90 (150 ns)
Peak (kA) 0.30 0.60-0.80
Electrons/Micropulse 6 x ]012 1.2 x 1013
Current Density (Pcak) (A/mz) 4 x 108 8 x 10B
Electron Density (Pcak) (e/m3) 4 x 108 8 x 1018
SPOT SIZE (DIAMETER)
Exit of Collimating Lens (mm) 15 15
Entrance to Focusing Lense (mm) 10 10
On Target with 0.5 m Focus (mm) <1 S1



TABLE III

COMPUTER

Data General, 80 k Memory, 10 M byte disc, 9 track tape unit,

floppy disc, Versatech prianter, 2-Camac crates.

TRANSIENT ANALYZERS

Tektronix R-7912, 11 channels, 250 Mz bandwidth
Biomation B100, 6 channels, 25 Mz bandwidth
Tektronix Oscilliscopes, 5, 50 MHz bandwidth

TIMING CHANNELS

Nanofast, 20 channels, 0.1 ns resolution, *1 ns accuracy,
200 ps total range
Nanofast, 10 channels, 10.0 ns resolution, *10 ns accuracy,

10 s total range

TABLE IV
2

X I (kA) J (kA/em”) T (os)
FX-25 2.9 15.0 4.8 30.0
PI 15990 13.0 100.0 15.0 60.0
ASTRON 7.8 0.10 0.13 300
ETA 4.8 10.0 60 30.0
PHERMEX 41 0.30 40 3.3
PHERMEX (post-upgrade)  41-121 0.60-0.80+ 80 3.3
ATA 98 10.0 60 30

electron encrgy/clectron rert mass

electron beam current

current density (peak)

pulse length of individual pulses

total beam energy (U = IVt x number of micropulscs)
PHERMEX generates multiple pulses

present development cffort

L= S
nnnto

+

40000
120
1500
200+
280-1130%
15000



III. PRELIMINARY PROPAGATION EXPERINENTS

In order to demonstrate the feasibility of using PHERHMEX as an
intense electron beam source, some beam chicacterization and preliminary
propagation experiments were performed.

Figure 4 is a drawing of the basic experimental ars.gement for all
of the electron beam studies. Al. experiments were performed external
to the building on the PHERMEX firing point. The electron beam is
focused through a tapered beryllium collimator, and exits through a
0.25-mm thick beryllium window. A new section of drift tube was inserted
through the existing accelerator bullnose from the outside. This new
drift tube contains a 1.3 x 10-2 mn kapton vacuum window, which is loca-
ted 7 mm from the beryllium window. Thus, 2 7 mm air gap, which has
a4 negligible effect on the becam, exists between the two drift spaces.
For this configuration, the position of the 1 mn diameter beam {ocus is
located about in the center of the air gap.

Initial experiments werce directed toward characteriziog the PHERMEX
electron beam. The first experiment was a time-resolved current measure-
ment in vacuum using a graphite charge collector located 50 ¢m f-om the
1 mm focus. The results of this experiment are shown in Fig. 2 and were
discussed in Section I,

In an attempt to further unfold the beam distribution function, the
beam momentum scatter was varied by placiag additional scattering foils
in the gap between the beryllium and kapton vacuum windows. HNigh-
resolution glass plivtographic plates (Kodak S0343) werc then used to
measure the beam spatial distribution at 60 cm {rom the beam focus. For

propagation in vacuun, the densitometer scans of the beam spatjal



distribution for various added scattering materials are shown iu Fig. 5.

As expected, the increased beam scatter produced a measurable, systematic
change in the spatial distribution function. To zero order, the particle
trajectories arec ballistic because the PHERMFX beam has a v/y ~ 3.8 x 10—4.
Here, we usec conventional notation: v = Nre, where N is th» number of

the becam electrons per unit length, r, is the classical electron radius,
and Yy is the relativistic factor. For the photographic piate data, the
integrals of the distributions are normalized to be the same.

In Fig. 6, the beam divergence calculated on the basis of the becaan
spatial distribution, with systcmatic beam divergence subtracted out, is
compared with what would be predicted by Moliere multiple scattering
theory.21 The experimental errors are dominated by the uncertainty in
the systematic beam divergence, which has been calculated to be about
odiv &~ 20 mrad. Mowever, the systematic divergence has not been measurcd
directly. From these data, the random angular scatter in the boam
momentum distribution is in good agrcement with theory.

The beam distvibutions in Fig. 5 show no evidence of structure.
From this result and spot size at the focus, an estimate of the co-
linearity of the micropulse: can be derived. Spatially, the micropulses
arc separated by less than 1 mm at the focus. The maximum angular
separat.ion is less than 5 milliradians.

The first set of time int-grated data was beam distribution measure-
ments normal to the PHERMEX beam. The detectors for these weasurcments
were glass plates. They were positioned 60 cm from the 1 mm focus.

Figures 7a and 7b arc a compilation of the results. The plates are

arranged as a function of nitrogen gas pressure (row) and increasing
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beam scatter (column). The distribution indicates that beam instabili-
ties are present and decrease with both increasing beam scatter and gas
pressuie at a ﬁosition 60 cm from the bean focus,

Open shutter photographs were made of the beam propagating through
neon and helium. A lucite drift tube was attached to the end nf the
metal drift tube, as showw in Fig. 4. Figures 8a and 8b contain the
results of measurement for neon and helium, respectively. The beam is
propagating from left to right with the extreme left being located 60 cm
from the focus. The results at low pressure for both gases show the
possible existence of a two-stream instability. This is evidenced by the
bright glow of the gas near the entrance into the lucite drift tube. At
higher pressures, the heanm is brecaking up into filaments. The transverse
distributicn is consistent with what is seen in the normal distribution,
measurnd by glass plates. To verify that these effects were not produced
by discontinuities in the veturn-current pnth: open shutter photogpraphs
were made with the lucite drift tube iined with copper wire screen. The
photographs indicated that the return-current discontinuity had no
visible effect.

To understand the effect of the beam microstructure, time-resolved
measurenents were made of the beam propagating in neon and helium. Time
resolved measurcements of the normal and traisverse beam distribution were
made using an IMACON 790 fast-frame/streak camera. The camera was ablc
to recexd a 10 ns frame évery 530 ns. Figure 9 is a reproduction of normal
beam distribution for a beam prupagating in 3 torr of necon. The numbered
overlay relates the images to appropriatc beam microy.tlses  Cherenkov

light produced by electrons passing lLiirough a thin plastic skeet was used
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to gererate light for the images. It is located 1.9 m from the focus.
Synchronization of the camera relative to the micro-pulses was determincd
using the NanoFast tims digitizer and is shown in the schematic baelow the
picture. Photographs were also taken of the transversc beam distribution
where the light was generated by the gas itself. The following conclu-
sions can be reached from these measurcments: (1) the micropulses propa-
gate independently, and (2) there is no light emitted from the gas during
the 20 ns betwecn pulses. Note, however, that no ultraviolet light is
transmitted through the lucite drift tube.

A segment of the metal drift tube was constructed which contained
magnetic-field (B) probes. It was attached to the end of the drift tube
used in previous experiments. Figurc 10 is a photograph of this section.
A kapton window was placed on the downstream end. The charge collector
was attached to the end of the drift tube. Figure 11 is a diagram of
the entire arrangement. The charge collector was maintained at vacuum,
and the return-current probes wcre located in a region of variable pres-
surc. The purpose of this arrangement was to isolate the charge col-
lector from any electron plasma currents which might be produced in the
gas by the electron becam and impinge on the charge collector.

The drift tube contained a bellows on the upstream end. This was
used to align the beam on the center of the drift-tube axis., The drift
tube and the charge colleclor were maintained at vacuum, and cach of the
beam probes was checked using separate beam pulses. The resulting
integrated signals agree to within two standard deviations of the ob-
served pulse-to-pulse disperslon of heam curreut. Probe signals were

connected to a passive adder which summed the outpuls and generated a

12



signal that was prcportional to the net current traveling through the
spool containing the probes.

A series of measureweals was made of the net current in the gas
versus the total current in the charge collector for bhoth neon and helium.
Figure 12a is a measurciment of the integrated probe output for the beam
propagating in vacuum. Figura 12b is the same neasurcment with the beam
propagating through 10 p of helium. This result indicates that after
seven micropulses, the gas is sufficiently ionized that the return-current
is now in the beam-generated plasma and no longer in the drift-tube wall.
Figure 12c is for 1 atmosphcere of helium, and the measured probe return
currents which are aga:n in the drift tube as in the vacuum case. lHow-
"ever, the slopes arc substantially different. For the first pulse, the
net current is substantially larger than the actual beam current as
measured by the charge collector. It is speculated that this additional
current is produced by beam-gencratoed delta rays. Figure 13 is a plot of
the ratio of t e net currcut measured by the probes to the total current
measured by the charge collector ax a function of pressvre from vacuum to
580 torr. Between 1.0 and 10.0 torr, the net current measured by the
probes is zero, and all of the rcturn current is in the beam-generated
plasma. At lower pressures (<1 torr), therc is insufficient gas to gen-
erate coough plasma to conduct the entire return current. AL higher
pressure (010 torr), the clectrons from the ionized gas tend to rapidly
recombine, thus limiting-thv conductivity and forcing the return current
through the drift tube, The dats for neon have similar propertics; how-
cver, the two curves diverge in the 100-600 torr range with the ncon

return current being systematically lower. Unfortunately, the data

13



cannot be systematically analyzed using the initial micropulse because
the slow risetime and time jitter of the pulser yield initiasl pulses of

varying amplitude.

IV. SUMMARY

In this paper, we have described our preliminary experiments carried
out to examine the potentiality of using the LASL PHERMFEX facility as a
device to explore the physics of relativistic electroa beam transport in
neutral gas.

These expariments yielded substantial evidence for the existence of
some kind of beam-plasma instability. Since the beam was propagated over
distances less than o betatron wavelength, we are led to conclude that
this instabilily must be of the type often referred to as microinstability

rather than a macroscopic mode as, for example, the hose instability.
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Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Tiuure 6

Figurcs 7a
and 7b

Figpures Ba
and 8b

FIGURE CAPTIONS

Schemavic diagram depicting the important clements of the
PHERMEX standing-wave lincar accelerator.

Charge-collector voltage versus time for the PHERMEX
electron Licam measured at 50 cm dowastrcam of the 1 mm
focus. Peak (negative) voltages corrcspond to 0.27 kA of
current.

Photograph of a radiation-damaged glass plate located at
the focus of the PHRERMEX beam relative to centimet:'r scale.
The wvhite spot is due to a threshold cffect in the radia-
tion damage process.

Electron beam experimental arrangement and PHERMEX bull-
nose. The beam is focused through the beryllium collimator
to 8 1-mn-diameter spot hetween the beryllium vacuum
window and kapton window.

Densitometer scans of the radiation damage spot produced
iu glass by the beam at 60 cm from the 1 mm focus. The
curves are normalized to unit arca. The bcam is trans-
ported in vacuum from the focus after passing through thin
foils of different. matevial and thicluess, as illustrated,
The respective rums diameter is also shown.

Experimental ly determined mean scattering angles as a
function of the calculated values from small angle multiple
scattering theory. The dashed curve is © -0 .. The
vertical crror bars denote the uncurtniutgxgn thE“}nhcrcnt
bean divergence ol'v’ while the herizontal error bhars
denote limits in LIi® range of approximations in the thecory.

1 .otographs of radintion-damaged glass plates for different
values of ambient nitrogen gas pressure (horizontal) and
beam scatter (vertical). Gas pressures are as indicated.
Scattering angles are, from top to boltom, 18, 30, 32, 37,
and 59 mrads, respectively.

Composite of open-shutter photographs of the PHERMEX boeam

. injected into (a) neon, aud (b) helium. The lucite drift

vube beging 60 cm from the 1 mm focus, and the fiducials
are 15 cm apart. The bloe glow is Cherenkov Light in the
lucite.
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Figure 9

Figure

Figure

Figure

Figure

10

11

12

13

Imacon 790 fast frame rccord of the normal bheam distribu-
tion 1.9 m from 1 mn focus for propagation in 3 torr neon.
The overlay correlates the Imacen images with the beam
microstructure. Relative timing was obtained using the
Nanotast time digitizer.

Photograph of drift tube scgment coataining the maguetic
field probes used in the net, current measurcment. Probe
arcas are approximately 5 cm”.

Return-current measurcment experimental arrangement. The
charge collector is isolatrd by a kapton window to prevert
collection of plasma curreant.

Net current in the drift tube as measurced by magnetie
field probes for (a) vacuum, (b) 10 p helium, and () 580
torr helium.

Ratio of the net current in the drift tube to the total

propagated current as a function of pressure. The curronts
are integrated over the entire 200 ns macropulse.
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